O
ne of the shields against cancer development is the intrinsic ability of cells to undergo apoptosis in response to various stresses, including activation of oncogenes such as Myc, cytokine deprivation, or genotoxic damage (1, 2) . Hence, mutations that prevent cells from undergoing apoptosis can be oncogenic.
The link between impaired apoptosis and tumorigenesis was first appreciated when Bcl2, the gene found linked to the Ig heavy-chain locus by chromosomal translocation in human follicular lymphoma (3) was found to promote cell survival (4) , and to act synergistically with Myc in promoting lymphomagenesis in mice (5) . Whereas Bcl2 and several homologs enhance cell survival during development and stress, other close relatives such as Bax and Bak instead promote apoptosis (6, 7) . A group of distant relatives attracting increasing interest are the Bcl2-homology 3 (BH3)-only proteins; so named because the only homology they bear to Bcl2 or to each other is the 9-to 16-amino acid BH3 domain. BH3-only proteins appear to be essential triggers of apoptosis. Once activated in response to intracellular damage signals, they bind to and neutralize prosurvival family members by means of the BH3 domain, which is necessary and probably sufficient for their death-promoting capacity. One unusual BH3-only protein, Bid, may instead function by interacting (transiently) with Bax or Bak, thereby triggering their pro-apoptotic activity.
The BH3-only protein Bim (8) is a major physiological antagonist of Bcl2, particularly in the hematopoietic system. Multiple defects in Bcl2 Ϫ/Ϫ mice can be prevented by loss of Bim, including severe lymphopenia (9) . Furthermore, like mice with enforced pan-hematopoietic expression of Bcl2 (10), mice lacking Bim accumulate excess lymphoid and myeloid cells (11) . Bim regulates apoptosis of T cells in response to certain cytotoxic stimuli but not others (11) , and is essential for elimination of autoreactive thymocytes (12) and B cells (13) .
Because Bcl2 and Bim oppose each other and Bcl2 is oncogenic, we conjectured that Bim is a tumor suppressor. To test this hypothesis, we analyzed the impact of loss of Bim in E-Myctransgenic mice, which develop clonal pre-B or B cell lymphomas (14, 15) after a polyclonal expansion of pre-B cells (16) that is limited by increased apoptosis (17) . Because constitutive expression of Myc induces apoptosis when cytokines are limiting (18, 19) , curtailing apoptosis is a critical step toward malignancy in these mice. Although elevated Bcl2 can serve that role (5), a more common route is inactivation of the p53 tumor suppressor pathway. Loss of p53 (1, 20, 21) or its upstream regulator, p19Arf (21, 22) , accelerates E-Myc-induced lymphomagenesis, and lymphoid tumors induced by E-Myc frequently harbor mutations that inactivate the p19Arf͞Mdm2͞p53 pathway (22) . To determine whether Bim also plays a role in suppressing Mycinduced lymphomagenesis, we assessed the impact of loss of Bim on tumor development in E-Myc mice.
Materials and Methods
Mice. E-Myc-transgenic mice (15) were congenic with C57BL͞ 6J. Bim Ϫ/Ϫ (266͞266del) mice (11) had been backcrossed to C57BL͞6J mice for eight or more generations; they were no longer susceptible to the autoimmune kidney disease found in the initial mixed (C57BL͞6J ϫ 129͞Sv) strain background. E-Myc males were crossed with Bim ϩ/Ϫ females, and then Bim ϩ/Ϫ E-Myc male offspring were crossed with Bim Ϫ/Ϫ females to generate Bim Ϫ/Ϫ E-Myc mice. The expected genotypes were obtained in normal Mendelian ratios. The transgene was detected by PCR amplification of an 830-bp product from the pUC vector backbone using the primers pUC-1: 5Ј-CAGCTG-GCGTAATAGCGAAGAG-3Ј and pUC-2: 5Ј-CTGTGACTG-GTGAGTACTCAACC-3Ј. Genotyping for Bim by PCR used the primers PB20 (common): 5Ј-CATTCTCGTAAGTCCGA-GTCT-3Ј; PB335 (wild-type allele): 5Ј-GTGCTAACTGAAAC-CAGATTAG-3Ј; and PB65 (targeted allele): 5Ј-CTCAGTC-CATTCATCAACAG-3Ј.
Mice of each genotype were monitored daily for tumor development. Tumors, peripheral blood, and tissue samples were collected immediately after the killing of sick mice. Nucleated peripheral blood cell counts and mean nuclear volume measurements were performed with a Coulter particle count and size analyzer Z2 and Zap-oglobin II lytic reagent (Beckman Coulter). Histopathological analysis was performed on representative samples of tumor tissue, lymph nodes, spleen, thymus, kidney, lung, heart, and liver fixed in Bouin's solution and on sternum fixed in formalin. Blood films were stained with Diff Quik (Lab Aids Pty, Narrabeen, Australia). STATVIEW software (SAS Institute, Cary, NC) was used for generating Kaplan-Meier plots and for performing statistical analysis. All mice used for breeding were censored from the analysis at the time of mating to exclude any effect of breeding on tumor development. Clonality of tumors was assessed by Ig heavy-chain CDR3 spectratyping as described (23) . Sequence analysis of Bim exon 5, which encodes the BH3 region, was performed directly on purified PCR products amplified from genomic DNA extracted from lymphoma tissue; tail DNA served as a control.
Antibodies. Antibodies used for flow cytometry were as described (5 4 Cl solution, and the leukocytes were stained with Cy5-labeled anti-B220 and phycoerythrin-labeled anti-IgM antibody. After washing, the cells were filtered through cotton wool to remove aggregates and were stained with propidium iodide to exclude dead cells. Bone marrow pre-B cells (B220 ϩ IgM Immunoblotting. Whole-cell protein extracts were prepared from primary tumors or sorted pre-B and B cells. Briefly, cells were lysed in 20 l per 10 6 cells of ice-cold radioimmunoprecipitation assay buffer (150 mM NaCl͞50 mM Tris⅐HCl, pH 8.0͞1% Nonidet P-40͞0.5% sodium deoxycholate͞0.1% SDS) containing 1 g͞ml each of leupeptin, aprotinin, soybean trypsin inhibitor, and pepstatin (Sigma, and Roche Diagnostics Australia, Castle Hill, NSW, Australia) for 30 min. After lysates were cleared by centrifugation, proteins were size-fractionated by SDS͞PAGE and were electroblotted onto poly(vinylidene difluoride) membranes (Immobilon-P, Millipore). Membranes were incubated in 5% skim milk in PBS with 0.05% Tween 20 to block nonspecific binding, then probed with relevant antibodies in blocking solution, followed by HRP-conjugated secondary antibodies and enhanced chemiluminescence detection (Amersham Pharmacia Biosciences, Little Chalfont, U.K.).
Results

Loss of Bim Accelerates Morbidity in E-Myc Mice by Promoting Acute
B Cell Leukemia. By itself, loss of Bim does not appear to be markedly tumorigenic because only 1 of 30 Bim Ϫ/Ϫ mice monitored for at least 12 months developed a tumor: a follicular lymphoma at 37 wk of age. When we combined Bim deficiency with a lymphomagenic E-Myc transgene, however, we saw a striking acceleration of morbidity (Fig. 1A) . Whereas control (Bim ϩ/ϩ ) E-Myc mice developed tumors stochastically over a period of Ͼ12 months, with a median lifespan of Ϸ15 wk, all of the Bim Ϫ/Ϫ E-Myc mice studied (11 of 11) became terminally ill between 7 and 12 wk of age (median 8.2 wk). Loss of one allele of Bim was almost as effective as loss of both alleles; the median lifespan for the 39 Bim ϩ/Ϫ E-Myc mice was 11 wk and 90% of the mice became terminally ill before 50% of Bim ϩ/ϩ mice were affected.
As in Bim ϩ/ϩ mice, the tumors induced by Myc in Bimdeficient mice were either B cell lymphomas (70%) or pre-B lymphomas (Table 1 ). All those examined were monoclonal by PCR analysis of rearranged Ig heavy-chain variable region genes (ref. 23; 11 were tested from Bim ϩ/ϩ , 10 from Bim ϩ/Ϫ , and 6 from Bim Ϫ/Ϫ mice) and transplantable in C57BL͞6 mice (four tested for each genotype). Importantly, most of the accelerated morbidity was due to early onset of surface IgM-positive B cell tumors. The median time to terminal illness for these tumors was shortened from 23 wk in Bim ϩ/ϩ E-Myc-transgenic mice to 12 Bim ϩ/Ϫ mice had higher leukocyte counts than Bim ϩ/ϩ mice (P Ͻ 0.0001), and Bim Ϫ/Ϫ mice had significantly higher counts than in either Bim ϩ/Ϫ (P Ͻ 0.0001) or in Bim ϩ/ϩ mice (P Ͻ 0.0001). The Bim Ϫ/Ϫ and Bim ϩ/Ϫ mice had much higher numbers of B cells than did Bim ϩ/ϩ mice (P Ͻ 0.0001 and P ϭ 0.003, respectively). Pre-B cell numbers were somewhat higher in the Bim Ϫ/Ϫ mice than in the Bim ϩ/ϩ mice (P ϭ 0.01), but were comparable in the Bim ϩ/Ϫ mice (P ϭ 0.9). Leukocyte counts were 7.9 Ϯ 0.3 ϫ 10 6 per ml in 45 healthy wild-type C57BL͞6 mice and 16 Ϯ 3 ϫ 10 6 per ml in 39 healthy 3-wk-old E-Myc Bim ϩ/ϩ mice. (Fig. 1B) . In contrast, the kinetics of pre-B cell tumor development was relatively unaffected by Bim deficiency (Fig. 1C) .
Remarkably, loss of Bim favored leukemia development. Most terminally ill Bim Ϫ/Ϫ E-Myc mice lacked the disseminated lymphadenopathy characteristic of Bim ϩ/ϩ E-Myc mice (15) . Instead, they displayed very high levels of circulating lymphoblasts; on average, 46-fold greater than normal and 8-fold greater than tumor-bearing Bim ϩ/ϩ E-Myc mice (Fig. 1D) . The leukemia was more pronounced for B cell tumors than for pre-B cell tumors. At autopsy, the mean nucleated blood cell count in Bim Ϫ/Ϫ E-Myc mice bearing such tumors was twice that in animals having pre-B cell tumors (490 Ϯ 120 ϫ 10 6 versus 240 Ϯ 100 ϫ 10 6 per ml), and in heterozygotes, the difference was even greater (240 Ϯ 30 ϫ 10 6 versus 78 Ϯ 16 ϫ 10 6 per ml).
Lack of Bim Results in B Cell
Excess. To investigate the influence of loss of Bim before the onset of malignancy, we analyzed peripheral blood from weanling mice of each genotype ( Fig. 2A) . The increase in leukocytes previously observed in adult Bim Ϫ/Ϫ mice (11) was apparent even at 3 wk of age, and indeed was comparable to that induced by the Myc transgene in a wild-type (Bim ϩ/ϩ ) background (compare columns 3 and 4 with column 1). Notably, the two types of mutation were synergistic: Bim Ϫ/Ϫ E-Myc mice had almost 8-fold more white blood cells than normal mice and almost 4-fold more than Bim ϩ/ϩ E-Myc animals. Significantly, loss of Bim altered the relative proportions of pre-B and B cells in E-Myc mice (Fig. 2B) . Whereas the pre-B cell population was elevated in all genotypes of E-Myc mice, this increase was more pronounced for conventional than Bim mutant E-Myc mice. In contrast, the increase in IgMbearing B cells was more pronounced in the Bim mutant mice, particularly the homozygous mutants. A similar increase in B cells was observed in the spleen of Bim-deficient transgenic animals (data not shown). Thus, even in the preleukemic phase, loss of Bim favors accumulation of B cells in E-Myc-transgenic mice. Myc-transgenic mice suggested that loss of Bim may have countered the apoptosis normally induced by Myc when cytokines become limiting (18, 19) . To test this hypothesis, we assessed the survival of B lymphoid cells cultured in the absence of cytokines. Whereas the pre-B and B cells from Bim ϩ/ϩ E-Myc mice died rapidly, as reported (24) , those from Bim Ϫ/Ϫ E-Myc mice survived almost as well as cells from wild-type littermates (Fig. 3A) . Inactivation of even just one Bim allele afforded significant protection (Fig. 3A) .
As a further test of the impact of loss of Bim on survival capacity, B cells were treated with an anti-IgM Fab fragment to crosslink their antigen receptors. Once again, loss of a single Bim allele inhibited cell death, and loss of both alleles markedly increased survival ( Fig. 3B ; see also ref. 13 ). (The comparable experiment with E-Myc-transgenic cells could not be performed because apoptosis induced by Myc proceeds faster in vitro than that induced by IgM cross-linking.)
To explore why B-lymphoid cells are so susceptible to Mycinduced apoptosis, we assessed Bim and Bcl2 protein levels in lysates of bone marrow pre-B cells and splenic B cells from healthy young E-Myc animals and normal littermates. Both major isoforms of Bim (Bim EL and Bim L ) (25) were markedly increased in transgenic B cells and, more variably, in pre-B cells (Fig. 3C) . As reported (26) , the transgenic cells also had lower pre-B lymphoma (B220 ϩ CD19 ϩ IgM Ϫ ); and B lymphoma (B220 ϩ CD19 ϩ IgM ϩ ). † Cumulative incidence at 11 wk of age. The other tumor type was censored, so the incidence shown is independent of the competing risk of the other type. ‡ The frequency of B lymphoma in Bim ϩ͞Ϫ versus Bim ϩ͞ϩ E-Myc mice was not significantly different (P ϭ 0.41).
Fig. 2. Bim deficiency in E-Myc mice results in excess B lymphoid cells. (A)
White blood cell counts in healthy 3-wk-old mice of indicated Bim genotype. Open bars, nontransgenic mice; black bars, E-Myc-transgenic mice. Differences between all Bim genotypes were statistically significant for E-Myctransgenic mice (P Ͻ 0.0005), as were the differences between nontransgenic and transgenic mice for each Bim genotype (P ϭ 0.03, P Ͻ 0.0001 and P Ͻ 0.0001 for Bim ϩ/ϩ , Bim ϩ/Ϫ , and Bim Ϫ/Ϫ mice, respectively). (B) Frequency of pre-B cells (B220 ϩ sIgM Ϫ ) and B cells (B220 ϩ sIgM ϩ ) per ml of peripheral blood of healthy 3-wk-old wild-type C57BL͞6 mice and E-Myc mice of the indicated genotype, determined by flow cytometric analysis. B cells were more numerous in Bim Ϫ/Ϫ E-Myc mice (P ϭ 0.03) than in wild-type C57BL͞6, whereas in Bim ϩ/ϩ E-Myc and Bim ϩ/Ϫ E-Myc mice, the difference from Bim ϩ/ϩ E-Myc mice was not significant (P ϭ 0.44 and 0.24, respectively). The number of pre-B cells was significantly different between Bim ϩ/ϩ E-Myc mice and wild-type C57BL͞6 (P Ͻ 0.003), but not between wild-type C57BL͞6 and either Bim ϩ/Ϫ E-Myc (P ϭ 0.26) or Bim Ϫ/Ϫ E-Myc (P ϭ 0.29) mice. Bim ϩ/ϩ E-Myc mice had significantly more pre-B cells than did Bim ϩ/Ϫ E-Myc or Bim Ϫ/Ϫ E-Myc mice (P Ͻ 0.02 for each comparison). levels of Bcl2 (Fig. 3C) . Thus, Myc appears to promote apoptosis by inducing Bim and suppressing a major antagonist. Fig. 4A ). Because the BH3 region of Bim is the only domain thought to be required for its proapoptotic activity (8, 11), we tested whether that region was mutated in the tumors. In 12 randomly selected tumors from Bim ϩ/Ϫ E-Myc mice, the BH3-encoding exon 5 sequence (27) was readily amplified from genomic DNA and yielded only wild-type sequence (data not shown). These results indicate that there is no strong selective pressure in vivo to further reduce Bim levels or Bim proapoptotic activity. The implication is that there is a critical concentration threshold below which Bim is unable to serve as a tumor suppressor during B lymphopoiesis.
Loss of Bim Relieves Pressure for Inactivation of p53 Downstream of
Myc. We next investigated whether the p19Arf͞Mdm2͞p53 apoptotic pathway had been inactivated in the E-Myc-induced tumors arising in Bim mutant mice, as is common in a wild-type background (21, 22) . The level of p19Arf is a sensitive indicator for the functionality of this pathway (22) . Myc up-regulates p19Arf expression, probably indirectly, and p19Arf sequesters Mdm2, thereby preventing inhibition and degradation of p53 (28) .
Mutations that inactivate the p19 protein, induce overexpression of Mdm2, or inactivate p53 result in overexpression of p19Arf, due to the absence of the p53-induced negativefeedback loop (see diagram at the top of Fig. 4B ). Whereas Ϸ30% of the tumors (5 of 16) arising in Bim ϩ/ϩ mice overexpressed p19Arf (Fig. 4B and Table 2 ), which is similar to the incidence reported by others (22) If these results are considered together (Table 2) , expression of p19Arf was normal in 100% (12 of 12) of the assessable 
Discussion
In view of the oncogenic potential of Bcl2 (5, 29, 30) and antiapoptotic relatives such as Bclx L (31) and Mcl1 (32), we reasoned that their antagonists, the BH3-only proteins, might function as tumor suppressors. To test this hypothesis, we focused on Bim, a major regulator of lymphoid and myeloid homeostasis (9, 11, 12, 33) . Here, we have shown that loss of Bim accelerated Myc-induced lymphomagenesis (Fig. 1 A) . Notably, loss of a single allele of Bim accelerated tumorigenesis almost as much as did the loss of both alleles (Fig. 1 A) . Furthermore, none of the primary tumors from Bim ϩ/Ϫ Myc-transgenic mice displayed loss of the second allele or evidence of its mutation (Fig.  4A) . These results establish that Bim is a tumor suppressor, at least in B lymphoid cells. The striking impact of the loss of a single allele of Bim on tumorigenesis mirrors previous observations that Bim is haploinsufficient, most notably in the setting of the Bcl2 knockout mouse, in which Bim heterozygosity completely prevented polycystic kidney disease and the ensuing runting and early death, and improved the survival of lymphoid cells (9) .
The acceleration of lymphomagenesis induced in E-Myc mice by loss of Bim was comparable with that produced by gain of Bcl2 (5) . Strikingly, however, the tumor phenotype was very different. Whereas constitutive overexpression of Bcl2 uniformly resulted in the development of lymphomyeloid progenitor cell tumors in E-Myc mice (5, 24) , loss of Bim favored the development of acute B cell leukemia (Fig. 1) . Thus, loss of Bim markedly increases the vulnerability of IgM-bearing B cells to malignant transformation rather than more immature cells in the B lymphoid lineage (see further below). The impact of loss of Bim on lymphopoiesis was apparent before tumor onset. Peripheral blood cell counts in healthy Bim Ϫ/Ϫ E-Myc weanlings were 8-fold higher than normal and almost 4-fold higher than in transgenic Bim ϩ/ϩ littermates. Significantly, whereas pre-B cells were elevated in both, most of the excess cells in the young Bim Ϫ/Ϫ E-Myc mice were mature B cells. Thus, the preleukemic state presages the major tumor phenotype.
Lymphoid cells lacking Bim are more refractory to apoptosis (this paper and ref. 11). Pre-B and B cells from Bim-deficient E-Myc mice survived cytokine deprivation in culture (Fig. 3A) , and presumably also in vivo. The Myc-driven population can thus continue to expand, increasing the probability of acquiring further oncogenic mutations. It is striking that lack of Bim impacts primarily on the IgM-bearing B cell compartment. This result may reflect variation in the expression patterns of Bcl2 family members during B cell development. Bim may be the principal BH3-only protein expressed by IgM-bearing B cells, but progenitor and pre-B cells may express sufficiently high levels of other BH3-only proteins to compensate for lack of Bim. Alternatively, or in addition, the B cell increase may indicate specificity among the BH3-only proteins, in response to different physiologic cues. Pertinently, our data suggest that apoptosis at the B cell receptor checkpoint, in particular, depends on Bim (Fig. 3B and ref. 13) .
The elevated level of Bim in B lymphoid cells from E-Myc mice (Fig. 3C) suggests that Bim is a proapoptotic target of Myc, either directly or indirectly. One pathway for Myc-induced apoptosis is through activation of p53; Myc up-regulates p19Arf expression, probably indirectly, and p19Arf sequesters Mdm2, thereby preventing inhibition and degradation of p53 (28) . Once induced, p53 activates transcription of the genes encoding the BH3-only proteins Puma and Noxa (34, 35) . Bim does not appear to be a p53 target, however, because Bim transcripts are not elevated in lymphocytes after irradiation (L. Coultas, P.B., and A. Strasser, unpublished observations), and Bim Ϫ/Ϫ lymphocytes retain nearly normal sensitivity to ␥-irradiation and etoposide, which act by means of p53 up-regulation (ref. 11 and data not shown). Thus, Myc appears to induce Bim via a p53-independent pathway (Fig. 5) . One possibility (Fig. 5, solid arrow) is that Myc induces transcriptional activation of Bim. Although there are two conserved canonical Myc binding sites within the Bim locus, we have been unable to demonstrate any direct activation of Bim by Myc (P.B., unpublished results), suggesting that Myc may act through induction of another transcription factor. Alternatively, Myc may act by means of p19Arf through a p53-independent mechanism (Fig. 5, broken arrow) .
The importance of the p19Arf͞Mdm2͞p53 axis in mediating Myc-induced apoptosis has been demonstrated in both fibroblasts (36) and B lymphoid cells (21, 22) . Pertinently, more than half of the lymphomas arising in E-Myc mice were found to have sustained loss of function of either p53 or p19Arf (22) , and tumorigenesis in these mice was markedly accelerated in a p19Arf-deficient background (21, 22) . It was therefore surprising to find that the p19Arf͞p53 pathway remained functional in 100% of the lymphomas induced by Myc in Bim (Table 2) . Thus, loss of Bim relieves the selection pressure for inactivation of the p19Arf͞ Mdm2͞p53 pathway.
Our data suggest that Myc sensitizes cells for death by altering the balance between BH3-only proteins and Bcl2-like antiapoptotic proteins. Not only were Bim levels higher in B lymphoid cells expressing the Myc transgene than in their normal coun- Lymphomas were assayed by immunoblotting for expression of p19Arf (see representative blot in Fig. 4 ). *Significance was determined by log-rank test in comparison with values for E-Myc Bim ϩ͞ϩ mice. terparts, but the levels of Bcl2 and Bclx L were lower (Fig. 3C and  ref. 26) . The resulting increase in the ratio of pro-to antiapoptotic family members would lower the threshold for induction of apoptosis. The major impact of loss of a single allele of Bim suggests that the balance is finely poised in B cells, and that Bim is the major physiologically relevant BH3-only protein in these cells. Our hypothesis predicts that a similar outcome would be achieved by increasing the level of Bcl2-like proteins and, pertinently, Ͼ50% of tumors arising spontaneously in Bim ϩ/ϩ E-Myc mice displayed high expression of Bcl2 or Bclx L (relative to nontransformed pre-B or B cells) rather than loss of p19Arf or p53 function (26) .
Bim is expressed in a wide range of cell types, including many epithelial cells and neurons (25) . Consequently, our observations encourage a search for Bim mutations, including single-allele loss, in a variety of human cancers. The human BIM gene (official name BCL2L11) is located at chromosome 2q12 or 2q13 (27) , a region where alterations, primarily deletions, have been reported for 17 cases of human malignancy, nine of which were hematopoietic in origin (http:͞͞cgap.nci.nih.gov͞Chromo-somes͞Mitelman).
Other BH3-only proteins may also serve as tumor suppressors. Mice lacking Bid have an increased tendency to develop chronic myelomonocytic leukemia (37) , and some aged Bad-deficient mice develop diffuse large cell lymphoma (38) . Other BH3-only proteins that are attractive candidate tumor suppressors include Bmf, which triggers anoikis and therefore may protect against metastasis (39) , and the p53 targets Noxa and Puma (34, 35, (40) (41) (42) .
Finally, our studies suggest that small molecules that mimic the action of Bim are potential cancer therapeutic agents. The conserved BH3 domain is an amphipathic helix that targets the hydrophobic surface groove on Bcl2 and its prosurvival relatives (43) . The search for BH3 mimetics is intensifying and some promising leads are beginning to emerge (7, 44, 45) . Conventional therapies work mainly by activating the cell death program indirectly (46, 47) , and it seems likely that drugs that activate the cell-suicide machinery directly would be more effective. Bcl2 is a prime target, particularly because it acts downstream of p53, and thus should remain vulnerable, even in human tumors in which p53 has been crippled by mutation.
